Background: Young adults who use stimulants (e.g., cocaine, amphetamines) are at particular risk of transitioning to dependence. Previously, we demonstrated increased risk-taking in young adults who had used stimulants (Leland, D.S., Paulus, M.P., 2005. Increased risk-taking decision-making but not altered response to punishment in stimulant-using young adults. Drug. Alcohol Depend. 78,[83][84][85][86][87][88][89][90]. Since outcome uncertainty is a critical element of risk, we investigated whether such individuals have different neural responses to uncertainty than their stimulant-naive peers. Method: Eleven young adults (age 18-25) who had used stimulants were compared with 11 age-and education-matched stimulant-naive controls using functional magnetic resonance imaging and a card prediction task with relatively certain/uncertain outcome conditions. Results: The caudate, an area involved in processing salient events, was among those regions more active in users than controls in response to uncertainty. Personality measures revealed that users were more impulsive than controls, and that neural response to uncertainty in a number of areas, including the thalamus/caudate, was positively correlated with impulsivity. Conclusions: These results are consistent with the idea that young adults who have used stimulants find uncertainty particularly salient, due in part to preexisting differences in impulsivity, and may be subject to more "action pressure" when making decisions under uncertainty. This neural and personality profile may constitute a marker for increased risk of stimulant use.
Introduction
Drug abuse is one of the most pressing public health problems in the U.S. The use of stimulants among young adults is of particular concern, given the high risk of dependence. The risk of transitioning from cocaine use to dependence peaks between ages 23 and 25, with most cases occurring within 3 years of initial use (Wagner and Anthony, 2002) . In 2003, 18-25 year olds were the age group with the highest lifetime prevalence of nonmedical use of illicit or prescription amphetamine-type stimulants (10.8%), and shared with 12-17 year olds the highest prevalence of past-year dependence on or abuse of these substances (0.4%) (Substance Abuse and Mental Health Services Administration, 2004) . Previous research has shown that young adults who have used stimulants exhibit increased risktaking decision-making in the laboratory, relative to their stimulantnaive peers, and that such risk-taking is related to impulsivity and sensation-seeking traits (Leland and Paulus, 2005) . However, it is unclear what neural factors contribute to this behavioral difference.
Risk comprises the notions of hazard, probability, consequence, and potential adversity or threat (Slovic, 1987) . In risk-taking situations, options vary along a number of dimensions, including the probability and magnitude of positive and negative outcomes (Leigh, 1999) . Uncertainty about outcomes is key in risk-taking because, without an element of chance, a decision does not entail risk but, instead, is an expression of preference among guaranteed options. Therefore, clarifying the role of uncertainty in decisionmaking situations has important implications for understanding risky behavior.
There is evidence to suggest that overlapping brain systems subserve uncertainty processing and reinforcement. Uncertainty about rewards increases sustained dopamine neuron activity in monkeys and may itself be reinforcing (Fiorillo et al., 2003) . Dopamine neurons also respond to salient nonreward events (e.g., unexpected or intense stimuli). Salient stimuli are those that, by virtue of their intensity or importance, increase attention, arousal, and mobilization of behavioral resources, thus contributing to action (Horvitz, 2000; Redgrave et al., 1999) . Recent neuroimaging work has demonstrated in humans that the striatum, a key reinforcementrelated dopaminergic target structure (Robbins and Everitt, 1996) , is also responsive to reward and nonreward salience (Zink et al., 2003 (Zink et al., , 2004 . Aron et al. (2004) , meanwhile, have found that individuals' response uncertainty in a nonreward category learning task predicts midbrain activation, which, in turn, predicts ventral striatal and medial frontal response to negative feedback. This led us to consider whether young adult stimulant users find uncertainty more salient than stimulant-naive controls when making decisions, as reflected by an increased response in the striatum, even when the uncertainty is not about rewards per se. If so, this would suggest that the uncertainty inherent in risky decision-making situations may create pressure to act in these individuals, contributing to their stimulant use and risk for stimulant dependence. To investigate this, we used functional magnetic resonance imaging (fMRI) to compare users' and controls' brain activation as they performed a card task requiring prediction of outcomes under conditions of relative certainty and uncertainty.
Materials and methods

Subjects
Eleven young adults (age 21.0 ± 2.2) who had used stimulants (users) were compared with 11 age-and education-matched stimulant-naive controls (controls) (see Table 1 for group demographic details). All participants provided written informed consent, were right-handed, and were free of medical and psychiatric disorders as determined by a physical exam and structured clinical interview for DSM-IV (American Psychiatric Association, 1994) diagnoses. Users reported having used cocaine, amphetamines, and/or other stimulant drugs when not prescribed 21 ± 19 times (range 2-50) but were neither treatment-seeking nor stimulant-dependent. Subjects were instructed to abstain from illicit substance use for 48 h prior to the experimental session.
Drug use and personality measures
All subjects completed a standard drug and alcohol questionnaire (Brown et al., 1998) , indicating whether they had ever used each of the following nonmedically: stimulants, tobacco, marijuana, ecstasy, opiates, sedatives, hallucinogens. Ten of the 11 users and 8 of the 11 controls also completed the Sensation Seeking Scale (SSS) (Zuckerman et al., 1978) and the Barratt Impulsiveness Scale (BIS-11) (Patton et al., 1995) .
Behavioral task
The card paradigm is a modified version of that used by Critchley et al. (2001) . Subjects viewed playing cards numbered 2-10 in a series of trials, each consisting of an initial "cue card" and a subsequent "feedback card." After seeing each cue card, individuals predicted whether the feedback card would be lower or higher in value. Subjects were told that cards were drawn from a virtual deck that was regular and randomly shuffled except that (1) there were no "face cards" or aces, and (2) there would be no "ties" between the pairs of cards on a trial (i.e., the feedback card was always either lower or higher than the cue card). The goal was to make as many correct predictions as possible. On each trial, the cue card was presented first alone for 2000 ms, after which the words "Lower" and "Higher" were added below, prompting the subject to respond with a lower/higher prediction by pressing the corresponding button. After the response, all stimuli were removed for 3500 ms, followed by the feedback card as well as a sound and message ("You Win" and a chime for a correct prediction, "You Lose" and a buzz for an incorrect prediction). To minimize the confounding effects of overt reward, correct predictions did not earn subjects' real or virtual dollars or points. The feedback card remained onscreen for 1500-3500 ms (depending on the subject's response latency). After each trial, a baseline fixation cross was presented for a variable length of time (randomized between 4000 and 6000 ms). Each trial ranged from 13-15 s in length. The frequency of feedback cards being lower or higher than the preceding cue cards approximated the true pro- babilities for a randomly shuffled deck of cards. "Uncertain" decision trials were operationally defined as those on which the cue card was numbered 5, 6, or 7, because in those cases it was less predictable (50%-62.5%) whether the feedback card would be lower or higher. "Certain" decision trials were those on which the cue card was numbered 2, 3, 4, 8, 9, or 10, with more predictable (75%-100%) feedback card outcomes. To provide a more balanced number of certain and uncertain decision trials, the latter were oversampled to provide 16 of the 36 trials, with 8 trials using a "6" cue card and 4 trials each using "5" and "7" cue cards.
Behavioral data analysis
Three 2 × 2 ANOVAs were used to analyze task data, all using group (user vs. control) as the between-subjects factor and trial certainty (uncertain vs. certain) as the within-subject factor. The first compared reaction times, the second compared the proportion of incorrect predictions, and the third compared response entropy. Entropy is a value, derived from information theory, that quantifies the degree of uncertainty associated with an event as determined by the formula h = − (p × log 2 p + (1 − p) × log 2 (1 − p)) (Shannon and Weaver, 1949) . In this context, p represents the proportion of "lower" prediction responses. Uncertainty is greatest, i.e., h = 1, if subjects respond "lower" 50% of the time and "higher" 50% of the time (p = 0.5). Entropy decreases as p approaches 0 or 1, when subjects always respond "higher" or always respond "lower." At those extremes, entropy is defined such that h = 0, since there is no uncertainty associated with responses. One concern when assessing decision-making in a task with repeated presentation of similar trials is that individuals may acquire a strategy early in the task and subsequently engage in automated response selection without significant cognitive involvement. If this were the case, one would expect to see a marked decrease in response latencies over the course of the session as response selection becomes automated. To test for this, a regression analysis was performed looking at RT as a function of trial.
fMRI procedure
Stimuli were presented via back-projection onto a screen near the feet, which could be seen via a mirror attached to the head coil (visual angle~4°) as subjects lay prone in the scanner. One functional imaging run sensitive to blood oxygenation level-dependent (BOLD) contrast was collected for each subject during task performance using a 1.5-T Siemens (Erlangen, Germany) scanner (T2*-weighted echo-planar imaging, TR = 2000 ms, TE = 40 ms, 64 × 64 matrix, 20 4-mm axial slices, 256 scans), providing coverage of the majority of the cortex. During the same session, a T1-weighted image (MPRAGE, TR = 11.4 ms, TE = 4.4 ms, flip angle = 10°, FOV = 256 × 256, 1 mm 3 voxels) was obtained for anatomical reference.
fMRI data analysis
All data were preprocessed, normalized to Talairach coordinates (Talairach and Tournoux, 1988) and analyzed with the AFNI software package (Cox, 1996) . For preprocessing, voxel time series data were interpolated to correct for non-simultaneous slice acquisition within each volume and corrected for three-dimensional motion. Motion-corrected voxel time series data were visually inspected to remove large movement artifacts. Preprocessed time series data for each subject were analyzed using a multiple regression model consisting of nine regressors. Three regressors were used to model residual motion (in the roll, pitch, and yaw directions). Two regressors, modeling a baseline and a linear trend, were used to factor out slow signal drifts. Two regressors were used to model positive and negative outcomes (i.e., following correct and incorrect predictions), and were used to account for those factors in the model. The remaining two regressors modeled action selection during uncertain trials and certain trials, respectively. These latter two regressors of interest were created based on each subject's individual response patterns, representing the 2000 ms between initial presentation of the cue card and the addition of the "Lower" and "Higher" response prompt, plus the response latency from that point (i.e., 2000 ms + RT). Both regressors were convolved with a modified gamma variate function modeling a prototypical hemodynamic response prior to inclusion in the regression model. The AFNI program 3dDeconvolve (Cox, 1996) was used to calculate the estimated voxel-wise impulse response function for each regressor and to generate an uncertain-certain action selection contrast. A Gaussian filter with FWHM 6 mm was applied to voxel-wise percent signal change data to account for individual variations of anatomical landmarks. Voxel-wise t tests were used to identify the brain areas in which the percent signal change associated with the uncertaincertain contrast was significantly different between groups. A threshold adjustment method based on Monte-Carlo simulations was used to guard against identifying false positive areas of activation (Forman et al., 1995) . Based on these simulations, it was determined that a voxel-wise a priori probability of 0.05 would result in a corrected cluster-wise activation probability of 0.05 if a minimum cluster volume of 1024 μl and a connectivity radius of 4.0 mm were considered. All clusters surviving these thresholds are reported in Table 2 . The listed cortical areas are based on Talairach Daemon software (Lancaster et al., 2000) . The average BOLD signal within each cluster of activation for the between-groups contrast was extracted for each subject. These were later correlated with personality measures. Table 1 summarizes group demographic, drug use, and personality comparisons. In addition to stimulants, subjects in the user group had all used marijuana, and nearly half had used tobacco. A few had also used ecstasy, opiates, sedatives, and/or hallucinogens. Nearly half of controls had used marijuana, but none reported use of other assessed substances. The user group scored higher on impulsivity than the control group but was not significantly different in sensation-seeking score.
Results
Drug use and personality
Behavioral performance
On uncertain trials as compared to certain ones, reaction times were longer (F(1,20) = 8.51, p = 0.009, Fig. 1a ) and there were more incorrect predictions (F(1,20) = 136.29, p < 0.001, Fig. 1b) . There was no main or interaction effect of group for either measure (F < 1 in all cases). On 98% of certain trials, subjects predicted that the feedback card would be higher given a cue card of 2, 3, or 4, or lower if the cue card was an 8, 9, or 10. Lower/higher selections varied more on uncertain trials, when the cue card was a 5 (28%/72%), 6 (63%/37%), or 7 (86%/14%). Fig. 1c shows the entropy associated with each card value for both groups. Entropy was significantly higher for uncertain trials (F(1,20) = 81.03, p < 0.001). Entropy was also higher for selections in general made by users than controls (F(1,20) = 4.75, p = 0.041), but there was no interaction effect, i.e., the groups did not differ in the relative entropy of their uncertain vs. certain responses. Post hoc correlations revealed that impulsivity scores were positively associated with response entropy (r = 0.65, p = 0.004, uncorrected), but not with percent correct predictions or response latency (p values > 0.10, uncorrected). The response latency slope, as a function of trial, was not significantly different from zero, i.e., there was no significant downward trend in RT over the course of the session (F(1,34) = 2.14, p = 0.152).
Functional activation
There were 7 clusters of activity in which the uncertain-certain action selection contrast revealed significant group differences, covering parts of the left caudate, thalamus, left superior temporal gyrus, left insula, left and right precuneus, and right medial frontal gyrus (see Table 2 ). In all such areas, the user group showed a larger percent signal change difference. In 5 of the 7 clusters, there were significant correlations between contrast activations and BIS scores, such that individuals with higher impulsivity ratings had increased activation in these areas. In contrast, none of the activations related to the contrast between uncertain and certain trials correlated with sensation-seeking scores. Fig. 2 illustrates the group difference and correlation with BIS scores for the cluster covering part of the left caudate and thalamus.
Discussion
These findings demonstrate an enhanced striatal activation response to uncertainty in an understudied population -young adults who have used stimulants but are neither treatment-seeking nor stimulant-dependent -that is related to impulsivity. These users were all college students or college graduates, free of major medical and psychiatric problems, and limited in their stimulant exposure (21 lifetime uses on average). This may suggest that the observed differences from controls reflect pre-existing traits rather than chronic drug effects. Users showed a stronger uncertain-certain activation contrast than controls in part of the striatum (specifically the left caudate) during action selection. Previous investigations have suggested that the caudate is particularly important for the coding of stimulus salience (Aron et al., 2004; Zink et al., 2003 Zink et al., , 2004 . Thus, one possible explanation for the difference is that these users find uncertain situations more salient when making decisions. Since salience contributes to action (Horvitz, 2000; Redgrave et al., 1999) , finding uncertainty especially salient may create pressure to act in uncertain situations.
The striatum is associated with dopamine-mediated reinforcement processes (Robbins and Everitt, 1996) , which raises the question as to whether the present findings suggest that stimulant users find uncertainty itself rewarding in the sense of having hedonic value. As self-reports on the subjective feelings associated with uncertainty were not obtained, this study cannot directly Fig. 1 . Behavioral performance on the card prediction task. (a, b) Reaction times were slower and more incorrect predictions were made on uncertain trials than certain ones, but stimulant users performed similarly to controls in both conditions. (c) There was more response uncertainty as reflected by entropy calculations (see Materials and methods) on uncertain trials than certain ones. Stimulant users had higher response entropy than controls overall but not as a function of trial certainty. Error bars indicate SE. address that question. According to temporal difference models (see Schultz, 2001 for a review), however, dopamine can signal stimulus novelty and salience in the absence of reward, and does not simply signal reward, but rather a violation of reward expectancy. When expectancies are violated, new uncertainty is introduced. Likewise, novelty and high salience often reflect deviations from expected input. Thus, reward prediction errors and uncertainty more generally may share common currency in dopaminergic signals and striatal activation. This perspective is consistent with the incentive-salience hypothesis (Berridge and Robinson, 2003; Robinson and Berridge, 1993) , which associates dopaminergic function with incentive motivation or "wanting", as distinguished from pleasure or "liking." According to the hypothesis, "liking" and "wanting" processes are related in that stimuli associated with reward ("liked") normally become the focus of approach behavior ("wanted"), but they are functionally dissociable. Thus, while certain individuals may find uncertainty rewarding, greater salience in and of itself may be sufficient to explain increased striatal activity and increased propensity to act under uncertainty. Even in this case, "wanting" may be associated with subjective arousal (although Berridge and Robinson have suggested that both "liking" and "wanting" can be implicit), so future work in this area may benefit from comparing subjective reactions to uncertainty, as well as physiological measures of arousal such as heart rate and respiration, with performance and imaging measures. In addition to the caudate, a number of other areas were activated in response to uncertainty more in stimulants users than controls, including the insula, thalamus, precuneus, medial frontal gyrus, and superior temporal gyrus. All but the last of these areas were also activated in healthy controls during performance of a two-choice prediction task rigged to maximize uncertainty, with 50% of responses given feedback as "correct" regardless of choices made (Paulus et al., 2001) . The precuneus and thalamus were also activated by a similar two-choice guessing task (Elliott et al., 1999) . Furthermore, the insula and precuneus were activated during selection of risky as compared with safe responses in the risky gains task (Paulus et al., 2003) , where the safe options were inherently certain in their outcome while the risky ones were uncertain. In that study, subjects were not actually paid money based on performance but they did win and lose "cents" and had a running total up top as they performed the task, so that both uncertainty and some degree of reward salience were likely involved. Taken together, these previous findings suggest that, in addition to the caudate, the other areas activated more in users in response to uncertainty in the present study are associated with uncertain decision-making. It is also possible, however, that the neural substrates are different in users than never-users, so that the group contrast reflects not just stronger activation of the same areas but activation of different areas altogether. Future work with larger samples will allow for the withingroup analyses necessary to test this alternative hypothesis.
The combination of a still-developing inhibitory control system and a drive for novel experiences has been proposed to increase the propensity of impulsive actions and risky behaviors in young adults (Chambers et al., 2003) . Furthermore, individuals with substance use problems have been shown via questionnaires and laboratory tasks to be more impulsive than those without such problems (for a review, see Dawe and Loxton, 2004) . We compared the stimulant user and control groups on measures of impulsivity and sensationseeking and correlated scores with individuals' activation in each of the clusters from the imaging analysis, with particular interest in the striatum. Users were more impulsive but not more sensationseeking, and impulsivity (but not sensation-seeking) was significantly positively correlated with the uncertainty contrast activation for all subjects in a number of the areas of significant group difference, including one covering the thalamus and part of the left caudate. While the majority of that cluster is in the thalamus, a post hoc analysis confirmed the correlation for the caudate voxels in that cluster. A post hoc region of interest analysis, looking for BIScorrelated clusters solely within the striatum (volume threshold of 192 μl) revealed that while the left caudate voxels, separated from the thalamic ones, were too few to survive as an independent cluster, there was a right caudate cluster showing the same correlation. Impulsivity was also correlated with response entropy across subjects. These findings support and extend the association of impulsivity with substance use and suggest that personality factors preceding chronic drug exposure may play a role in individuals' responses to uncertain situations. While users in this study did not have significantly higher sensation-seeking scores, this may be a power issue given the modest sample sizes. A previous study with similar groups and larger sample sizes found both higher impulsivity and sensation-seeking scores in young adult stimulant users than in controls (Leland and Paulus, 2005) .
Much of drug use research assesses long-term or dependent users for evidence of the consequences of chronic use and addiction. In this study, we intentionally and specifically looked at young adults with limited exposure (21 times, on average) given our interest in factors that may predispose individuals to stimulant use. These individuals were all college students or college graduates, wellmatched for years of education although not tested for executive function (which could relate to impulsivity differences; see Cheung et al., 2004) . Since the groups were demographically similar and since the users had limited experience with stimulants, it is not surprising that the groups did not differ in reaction time or percent correct predictions. Users did demonstrate greater entropy in their selections than controls, but this was true for both the certain and uncertain conditions, with no significant interaction effect based on certainty. This is relevant to the fMRI results because it suggests that both groups experienced a similar difference in uncertainty between the certain and uncertain conditions, and that users had greater activation to this difference, rather than experiencing a larger uncertainty difference to begin with.
The user group had a wide range of lifetime stimulant uses (2-50), which we did not narrow with further exclusions due to the already small user sample (n = 11). Also, complete data on use onset, recency, and patterns were unavailable. These factors are doubtless important for distinguishing between (1) effects that are more likely to predate drug use and those that may result from lasting effects of even subchronic use and (2) effects that may vary as a function of use patterns. Motivation for use (e.g., for self-medication, for recreation, or as a study aid) is also likely to account for a significant amount of the heterogeneity within young adult stimulant users.
Subjects were instructed not to use stimulants (or other drugs other than nicotine, caffeine, and alcohol) within 48 h of the scan session. In order to encourage compliance, they were told that they may be asked to provide a urine sample for screening, but only selfreports were in fact obtained. Thus, it is possible that some individuals might have used drugs recently enough to confound group effects. A high level of agreement between self-report and random drug testing has been observed in individuals with drug related problems, however (Brown et al., 1992) , and we believe that the individuals in our sample, with relatively low exposure and drugrelated problems, were likely willing and able to abstain, especially given the prospect of being tested. Another possible confound is that the groups may have differed in recency of use of nicotine, caffeine, and/or alcohol, which were not prohibited and could have affected BOLD response. Since the group difference under consideration was itself a contrast (uncertain minus certain), however, such a substance-related influence would need to affect activation in these conditions differently to confound the results, since an influence common to both would be subtracted out in the contrast.
In summary, the observed relationship between uncertainty, impulsivity, and striatal activation in this study is consistent with the idea that some individuals are subject to more "action pressure" in the face of uncertainty. This could be one of the psychobiological bases for differences in risk-taking, given that one of the critical elements of a risky decision or risk situation, in addition to the potential for harm or reward, is uncertainty about outcomes. Such a trait may be beneficial in certain contexts, since increased risktaking in uncertain situations can facilitate learning (Fiorillo et al., 2003) , but it may also make individuals highly vulnerable to stimulants and other drugs that increase dopamine levels, which may play a significant role in mediating this behavior, far beyond normal physiological levels. Among young adults who have used stimulants, increased salience and action pressure associated with uncertain situations may be related to higher risk of future dependence, a question we are addressing in our current longitudinal study. Agerelated and individual sensitivity to uncertainty, combined with repeated sensitization of the neural substrate of incentive motivation through stimulants, may partly explain why this category of substances carries such a high risk of compulsive, dependent use in members of this age group. If so, this research may constitute a first step toward an endophenotypic marker using functional neuroimaging and a specific behavioral probe to identify those at risk for stimulant misuse and related problems.
